The 100-rn NRAO Green Bank Telescope will be completed in early 2000. The GBT is the most ambitious, single radio telescope ever constructed and has a large number of unique design and performance features. This paper will review those features, which include an offset feed (clear aperture) design, an active surface, a closed-loop laser metrology system for surface figure and pointing control, broad frequency coverage from -100 MHz to 1 15 GHz, a versatile receiver selection mechanism, and a new multi-input, 256k-channel autocorrelation spectrometer. The status of the project, the commissioning schedule, plans for early operations, the initial instrumentation suite, and plans for future instrumentation will be reviewed. Through most of its frequency range, the GBT will offer a considerable advance in sensitivity and image fidelity compared with existing telescopes. Scientific areas for which the GBT will have a large impact will be discussed.
INTRODUCTION
The Green Bank Telescope is nearing completion and will begin operation in 2000. Born of the catastrophic failure of the 300 Foot telescope in November 1988, the GBT will far exceed the capabilities of its predecessor. The GBT is an ambitious telescope of advanced design. Major structural design features that will exist through the life of the telescope are forwardlooking and provide an excellent platform for present and future instruments. Through its large diameter, precision structure, precise panels, active surface, and laser metrology system, it will provide optimal sensitivity over three decades of frequency, from -100 MHz to >100 GHz. Its unblocked aperture will reduce systematic degradations that are often the ultimate limitation in the sensitivity and fidelity of astronomical observations. The GBT has been described previously by several authors"23 and is pictured in Figure 1 . Further information on the GBT exists on the Web site http.//www.gb.nrao.edu.
KEY DESIGN FEATURES OF THE GBT
The principal design features of the GBT combine to make it a uniquely powerful new facility. These features are discussed in detail below.
m, Fully-steerable Antenna
The large diameter of the GBT gives it 7850 m2 of collecting area and will give it excellent point-source sensitivity, -2 K/Jy at low frequencies and, ultimately, 1 KJJy at 100 GHz. The angular resolution of the main beam is -74O/VGHZ arcsec, giving a beam size of 8.7 arcmin at the 1.420 GHz HI line, and 8.4 arcsec at the 88.6 GHz HCN J=1-0 line. The antenna can be positioned from 5° to 90° in elevation angle and over a range of azimuth angle from due south. The antenna can cover over 85% of the celestial sphere. Slew rates are 40°/mm in azimuth and 20°/mm in elevation.
Clear Aperture Optics
The primary feed and secondary optics support arm of the GBT is cantilevered from below the main reflector and does not block or scatter the incoming wavefront. This is the most striking visual feature of the telescope and is one of the largest contributors to its structural complexity. The GBT is, by far, the largest diameter telescope ever built with a clear aperture.
There are four primary benefits to clear aperture designs: 1) Sensitivity is improved by reducing the blockage of the incoming sky signal and by reducing noise pickup from the ground and feed structures; (2) Diffraction surfaces are greatly reduced, which lowers scattering sidelobes in the beam response of the antenna; (3) specular reflection points are reduced, thus reducing spectral standing waves; (4) Scattering paths for man-made radio frequency interference (RFI) are reduced. The relative position of the panel corners is adjusted very precisely (-25-5O.tm) using a corner-setting tool developed by NRAO. The absolute position of the corners is adjusted, roughly, to be near the mid-point of the actuator travel range. The initial position will be set by conventional surveying techniques and may be aided by early use of the laser metrology system.
The active surface will be run first in an "open loop" mode using look-up tables for the individual panel positions. These positions will be determined initially by phase-measuring holography maps using a 12 GHz CW signal from a geostationary satellite. These positions will give an accurate surface figure at the elevation angle of the satellite (-45°). The position at other elevation angles will be determined by finite element models of the structure and by phase-retrieval or phase-measuring holography of astronomical sources. Ultimately, the active surface will be in a closed control loop with the laser metrology system.
Metrology System
A key innovation of the Green Bank Telescope is the laser metrology system. This system is designed to provide a real-time measurement of the surface figure and the absolute pointing position of the telescope. During benign, nighttime conditions, both the surface figure and absolute pointing of the GBT can, most likely, be modeled with considerable accuracy. However, thermal gradients that are most prevalent during the day or in day/night transition times may cause structural distortions that cannot be easily modeled. The metrology system provides a direct measurement of the structural distortions of these and other effects and should give the GBT accurate performance in a variety of environmental conditions.
The metrology system performs laser ranging from transmitters on the ground and feedarm to retroreflectors on the surface and structure of the GBT. The transmitter consists of a modulated 780 nm diode laser, collimating optics, and a computercontrolled 2-axis beam-steering mirror. The retroreflectors on the GBT reflect the beam back to the ranging unit, where a phase comparison between the transmitted and reflected beams is made. The system can make ranging measurements with accuracies <100 .tm to distances of 200 m. Distance measurements are modulo 10 cm. Six laser rangers are located on the vertical feed arm of the GBT and are used to range the surface panels. Twelve rangers are on stable ground monuments in a ring about the GBT, and are used to range the structure and determine the pointing position of the antenna. There are 2209 retroreflectors on the surface of the GBT, one above each actuator (on panel corners). The entire metrology system consists not only of the ranging hardware, but the control system that steers and schedules the rangers, acquires data, and passes the data to the Monitor and Control system.4 The laser rangefinder was developed and patented by the NRAO5'6. A visualization7 of the layout of the laser ranging system is shown in Figure 2 .
GBT Optics and Receiver Selection
The GBT primary reflector is a 100 x 1 10 m section of a 208 m virtual parabola. The prime focus position is 60 mabove the virtual parabola, giving a primary fiD ratio of 0.29. The feed arm is located near the vertex of the virtual parabola, but at the edge of the physical dish and thus does not block or scatter the incoming wavefront or reflected wavefront before it reaches the primary focus position. The prime focus position will be used for low frequency receivers. The GBT uses Gregorian optics to provide its secondary focus. The Gregorian subreflector is an 8 m, concave ellipsoid of revolution. The effective secondary focal length is 190 m relative to a 100 m diameter dish, giving a secondary ffD ratio of 1 .9. The majority of the GBT receivers will be located in a large receiver room at the Gregorian focus.
The prime focus receivers will be located on a boom arm that can be positioned in front of the Gregorian subreflector. The boom arm mount has two degrees of freedom --rotation and radial focus movement. The prime focus receivers will cover frequencies below 1200 MHz. One receiver box can be mounted at a time.
The Gregorian receiver room has a rotating receiver turret with mounts for 8 receivers. The turret rotates the desired receiver into the secondary focus position. The mounted receivers can be kept cold and can be activated within a few minutes. This minimizes setup time for frequency changes between or within observing programs. It will also facilitate the implementation of dynamic scheduling.
The GBT Spectrometer The GBT's Monitor and Control system8'9 is a flexible and modern system. The software system is written in object oriented C++. The architecture is highly distributed, with a large number of independent single-hoard processors for device control. This allows for easy expansion of devices and computing power. and for a straightforward implementation of remote access to systems and observing control. Observers and operators are presented with an easy-to-use GUI for configuration input and command execution. Telescope data acquired by the system is written to disk in FITS format.
139 Figure 2 . Visualization of the GBT laser metrology system7.
GBT Operations Control
The GBT will be controlled from the Jansky Laboratory, some 1.8 km from the telescope. The GBT and Jansky lab are connected by the site fiber optic network. All essential monitoring data will be available over the network for display on computer screens in the control room. The telescope operator has a clear visual line of site to the telescope and will also view the telescope and immediate site via several video security cameras. An electronic emergency stop independent of the computer system can be activated from the Jansky Lab control room.
Intermediate frequency signals from the GBT receivers are transmitted over analog fiber optic cables from the telescope to the Jansky Lab equipment room. Eight fiber transmission lines are available, each with -7 0Hz bandwidth.
Quiet Zone Location
Radio frequency interference (RFI) is of very great concern to all radio observatories. RH problems have increased dramatically in recent years with the rapid growth of wireless communications. At some observatories, high RFIhas virtually precluded astronomical observations in some frequency bands. Green Bank is located in the National Radio Quiet Zone, a 33,700 square kilometer (13,000 sq. mile) area in which man-made radio emissions must fall below specified levels that are not harmful to observations at the Green Bank Observatory. Because of this special protection, RFJ is comparatively low in Green Bank. It must be noted that the Quiet Zone does not protect against satellite transmissions, which are increasingly troublesome.
It is also important that locally-generated RFI be minimized. To help accomplish this, the telescope operations and equipment rooms in the Jansky Lab are screened to suppress RFI emissions by -60 dB . The Observatory also has an active Interference Protection Group that seeks to eliminate or mitigate RFI from other sources on the site.
GBT instrumentation Suite
The GBT has an excellent suite of instrumentation with which to begin operations. The list of receivers and their status are given in Table 1 . A photograph of the 4-beam, dual-polarization (8-channel) Q Band (40-50 GHz) receiver under construction in the laboratory is shown in Figure 3 . Table 2 provides an estimate of the sensitivity that will he achieved with selected GB'I receivers after 60 seconds of observing time. Table 3 summarizes the performance specifications of the backends used to acquire data for the various observing modes.
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PROSPECTIVE SCIENCE WITH THE GREEN BANK TELESCOPE
The features and capabilities of the GBT will allow observers to address a wide range of astrophysical topics. Many of these can be anticipated, but the flexibility of the GBT will undoubtedly foster many other projects not yet conceived. A diagram of topics and techniques as a function of observing frequency is given in Figure 4 . Figure 4 -The range of astrophysical topics that the GBT will address over its operational frequency range.
SCIENCE WITH THE GBT

The Early Universe
The GBT's sensitivity at millimeter wavelengths will make it a powerful tool for observing highly redshifted dust and spectral lines from the earliest epochs of galaxy formation. At present, only a few galaxies with redshifts as high as z-2-4 have been detected in their dust continuum and CO line emission, and only because they are amplified by intervening gravitational lenses. It is likely that many unlensed systems can be detected with the GBT. The GBT's frequency coverage is ideal for studying the most abundant molecular species in high-redshift galaxies. The strongest CO line emission for z-2-4 is expected to occur in the 3 mm band, where the GBT will have unprecedented sensitivity. For both spectral line and continuum observations of high redshift objects, noise levels that require tens of hours to achieve with existing instruments can be reached in a few minutes with the GBT. With this sensitivity advance, the GBT may be the first instrument capable of studying the earliest stages of galaxy formation in the redshifi ranges z-5-15.
Atmospheric transmission in the 3 mm band is excellent in Green Bank for as much as 30% of the year. Calculations show that a new-generation 3 mm bolometer camera placed on the GBT would have extraordinary sensitivity to continuum emission from redshifted dust. There are plans to obtain such a camera for the GBT. The GBT will also be ideal for cosmological studies at 1 cm (30 GHz).
Pulsars
The GBT will provide a major advance in pulsar observing. Sensitive searches for radio pulses (100 MHz to -43 GHz) from magnetars, Geminga and other "radio quiet" (x-ray loud) pulsars, should be fruitful. The GBT will also be unique in its sensitivity to pulsars in the Galactic Center region and in southern globular clusters. Both interstellar scattering and the dispersion caused by free electrons in the interstellar medium broaden the distinctive pulses of pulsars at low frequencies, making them difficult to detect. The sensitivity of the GBT will allow single pulse observations to be extended to higher frequencies (e.g., 5 GHz) where the effects of pulse broadening are not as pronounced. Frequency (GHz)
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Very Long Baseline Interferometry
Many of the most interesting astrophysical problems requiring ultra-high angular resolution, such as probes of active galactic nuclei, also require extremely high sensitivity. For certain projects, the addition of the GBT will improve the VLBA's imaging sensitivity by up to an order of magnitude. The GBT and VLA will form a very high sensitivity, east-west baseline for inclusion in the VLBA and the European VLBI Network. In particular, the GBT adds sensitivity to the longest baselines of the VLBA and EVN. The added sensitivity the GBT provides makes possible many important projects that were impossible before, including radar studies of small solar system objects, water masers in distant galaxies, and early detection and imaging of gamma ray burst sources.
Radio and Millimeter-wave Imaging
The GBT will offer new capabilities for high-fidelity imaging on large angular scales. At its Gregorian focus, the GBT has a large field of view that can accommodate future focal plane array receivers and detectors, including large-format bolometer cameras. The GBT Spectrometer and the Monitor and Control System can support fast-sampling, on-the-fly observing from single or multiple receiver inputs and wide bandwidth spectroscopic imaging. With these facilities, the GBT will map the structure of our Galaxy and nearby external galaxies with high dynamic range, at high frequencies, and over large angular areas. Surveys of large areas for radio population studies and frequent patrols of large areas to identify source variability will also be possible.
HI and Atomic Spectroscopy
With the GBT, measurement of highly accurate and absolutely calibrated Galactic 2 1 cm HI can be done quickly and routinely. This will be of benefit to those who need to correct for Galactic interstellar absorption in observations of extragalactic objects in the UV and soft X-ray, for studies of the soft X-ray background, and for comparisons of 21cm HI spectra with spectra of other species. The low sidelobes of the antenna will make possible study of faint HI in the Galactic halo and studies of the energetics of the ISM, which depend on very accurate measurement of the wings of Galactic HI profiles. The GBT's good instrumental polarization characteristics will allow Galactic magnetic fields to be mapped using observations of HI Zeeman splitting.
The unblocked aperture of the GBT will be ideal for studies of wide, weak lines such as the hyperfine transitions of 3He, an important light element for constraining stellar evolution models and Big Bang nucleosynthesis. Radio recombination lines of hydrogen, helium, and carbon along with the continuum emission will probe the physical properties of ionized gas in Hil regions and planetary nebulae. With the wide-band spectrometer, the GBT can observe many radio recombination lines simultaneously while also providing good measurements of the continuum.
Star Formation
Broad frequency coverage, high sensitivity, and high angular resolution make the GBT an ideal tool for studies of the dense cold dust disks surrounding protostars and young stellar objects. Several molecular species have Zeeman effects as strong as that of the H atom, but for reasons of chemistry, probe gas at densities associated with star formation. With the GBT, the classical question of the role of magnetic fields in star formation could be addressed for the first time. NH3 at 23 GHz is one of the best molecules to study the density and temperature structure of prestellar cores and young protostars, and the GBT will offer significant new capabilities in this area. In the 40-50 GHz band, molecules such as SiO can be used to study jets and shocks in the outflows from young stars, while CS will reveal the density structure of even the coldest prestellar cores. Continuum observations in this band and at higher frequencies will allow a much deeper census of young stars embedded in dense cores than is possible now.
In the 3 mm band the GBT will offer extraordinary sensitivity both for line and continuum observations. A variety of molecular tracers can be used in this band to study and characterize the earliest phases of young low-mass star formation. Because this band contains many ground state transitions of simple, abundant molecules, the GBT can detect fainter and colder gas than can be achieved in the submillimeter waves. In the 3 mm band the GBT has about the same angular resolution as current large submillimeter telescopes. By using optically thin, low excitation molecules one can map the velocity field in the outer layers of cool accretion disks. By combining optically thick and thin molecular tracers one can see infall and accretion in protostellar objects that are so young that they have not yet formed a stellar core.
Astrochernistry and Astrophysical Molecular Spectroscopy
The frequency coverage and agility of the GBT and the capabilities of the spectrometer for wide bandwidth spectral line imaging will make the GBT a powerful new instrument for studies of the chemistry in interstellar and circumstellar clouds. At its lower operating frequencies, the GBT can provide unique data on heavy molecules, including those of biological significance. In its high frequency range, the GBT can observe the many species in the rich, 3 mm spectral window. The spectroscopic capabilities of the GBT should be ideal for detecting new interstellar molecular species.
Solar System Studies
The large collecting area and high sensitivity of the GBT will make it a prime instrument for the study of solar system objects. Used as the receiving system in bistatic radar experiments with the powerful Arecibo and JPL/Goldstone transmitters, the GBT will be able to image planetary surfaces, near-Earth asteroids and comets. Such radar images have angular resolution orders of magnitude finer than other ground-based imaging techniques, and are thus uniquely able to characterize an asteroid's shape and surface texture. Used in conjunction with the VLA or other large telescopes, the GBT will contribute sensitive baselines in very high-resolution interferometry experiments to map objects close to the Earth and more distant planetary surfaces. The GBT will also be an excellent tool for spectral observations of comets and planetary atmospheres. In addition to typical molecular species such as HCN, OH, and CO, heavier molecules that are rarer and hence more difficult to detect will be an important target of study for the GBT.
The GBT and Other NRAO Instruments
The GBT will work in concert with the other major NRAO instruments -the VLA, VLBA, and in the future, ALMA -to provide a powerful and comprehensive capability for studies at radio and millimeter wavelengths. Whereas the interferometers will be unique in their ability to image small structures, the GBT will be most adept at imaging larger fields to set the astrophysical context, while providing comparable detection sensitivity to interesting compact objects. The GBT's ability to use incoherent detectors such as bolometers and to take advantage of the rapid technological advances in bolometer cameras will be particularly important for continuum imag:ing on large scales. The GBT also forms a critical bridge in frequency coverage between the VLA at centimeter wavelengths and ALMA at millimeter wavelengths. Observing techniques and strategies of the GBT will build upon the pioneering work of the NRAO 12 Meter. The enormous collecting area of the GBT will be of great advantage to many VLBA projects requiring the highest sensitivities.
COMMISSIONING STRATEGY
When the GBT is transferred from the contractor this year, the NRAO will conduct the astronomical commissioning. This will include outfitting the telescope with receivers and associated electronics, installing Observatory computer systems, performing basic pointing and calibration tests, and characterizing the astronomical performance of individual subsystems and the system as a whole. GBT commissioning will be carried out in three phases.
Commissioning Phase 1 will involve outfitting the telescope 'with NRAO hardware and software, then integrating and testing these systems. Phase 1 will also involve basic tracking and pointing tests, phase-measuring holography of the antenna surface, and surface adjustments based on these measurements. The antenna surface will be "passive" at this stage.
Following holography measurements, the actuators will be used to adjust the surface to some precision at the elevation angle of the holography observations. The surface will not be activated otherwise. At the end of Phase 1 ,the GBT will be capable of operating at frequencies up through at least 12 GHz. We expect this commissioning phase to require about 6 months.
Toward the end of this phase, some "shared risk" observing may begin during a small fraction of the time while commissioning continues.
The second phase of commissioning will concentrate on activating the surface in open loop mode. The movement of the antenna surface with changing elevation angle will be measured with phase-retrieval (out-of-focus) holography maps of astronomical sources such as quasars, or by phase-measuring holography of very intense astronomical maser sources. These measurements will be combined with Finite Element Model Analysis of the structure to produce a look-up table of panel positions as a function of elevation angle. Holography measurements and Laser Metrology System measurements will be compared carefully during this stage. The open loop active surface will allow efficient observations to a frequency of 50 GHz, and perhaps higher during benign, nighttime conditions. During Commissioning Phase 2, receivers up through 50 GHz will be commissioned, and pointing accuracy will also be refined. Phase 2 will require an additional 6-9 months. During this phase, the fraction of time available to observing programs by visiting scientists will grow steadily.
In the final phase of commissioning, the Metrology System will be fully deployed and will be placed in closed loop operation with the active surface. Antenna pointing control will also be placed in closed ioop with the Metrology System. At the end of this phase, the GBT will be capable of efficient and accurate performance at observing frequencies in the 100 GHz range. Phase 3 commissioning will require another 6-9 months, but should use only -20 % of the possible observing time. The remaining observing time will be available for scientific programs.
OBSERVING POLICY
The NRAO Green Bank Observatory is a facility of the U.S. National Science Foundation and observing time is available through an open proposal system based on scientific merit. In its steady state, the GBT will be scheduled on a trimester system with announced proposal deadlines. The first one or two proposal deadlines will be ad hoc, and will be based on the achievement of construction and commissioning milestones. Proposal deadlines will be widely advertised through e-mail news exploders, the NRAO Web pages, and the NRAO and American Astronomical Society quarterly newsletters.
FUTURE DEVELOPMENT
Although the GBT will offer a major advance for radio astronomy from its first observations, many additional enhancements are planned to exploit its scientific potential fully. A great deal has been invested in the GBT to make its fundamental structural properties -things that cannot be changed easily -as powerful, as versatile, and as forward-looking as possible. In many other areas, including instrumentation, computing, and observer access, much potential for further development exists. Some of the planned development areas are discussed below.
mm Development
An area that offers perhaps the greatest potential for the GBT is the development of its capabilities for the 3 mm (-100 GHz) observing band. Never before has such a large-diameter antenna had the surface accuracy and pointing precision to observe in the 3 mm band. Flux sensitivity of -1 KJJy and a pointing accuracy of -1" will be possible with the GBT. The FWHM beam size of the GBT will be -.7' at 100 GHz.
To achieve effective operation in the 3 mm band, development will proceed in several areas. Foremost of these is continued implementation and development of the metrology system, which is essential for both surface and pointing accuracy.
Metrology development areas include further integration into the telescope monitor and control system, optical calibration, and work on "phase closure" of redundant measurements and self-consistent solutions for atmospheric refraction.
A suite of observing instrumentation is planned for the 3 mm band. The first instrument to be built will be a dual-beam, dualpolarization correlation-type receiver that will have excellent point-source sensitivity for both continuum and spectral line observations. The staff expects to begin construction of this receiver during 2000. It should be ready in early 2002, when 3 mm observing on the GBT is possible. For the longer term, plans are underway for focal plane array instruments for both continuum and spectral line imaging. The continuum instrument will be a large-scale bolometer array, perhaps with >1000 pixels. The spectral line array will have -32 beams and will cover the prime observing frequencies from -85-1 15 GHz. Visiting instruments for the 3 mm band (and other bands) from university groups will be encouraged on the GBT, and discussions concerning possibilities for these are underway.
Focal Plane Array Development
In addition to the 3 mm focal plane array instruments discussed above, imaging capabilities at other wavelengths would also be greatly enhanced by focal plane arrays. At this time, a research and development program is underway for a novel beamforming array. This array is being prototyped for the 1.4 GHz (L) band, but the technology should be extensible to higher frequencies. Conventional arrays of discrete horns and amplifiers could be built in the short term for selected bands. A particularly fruitful target for such an array would be the 18-26 GHz (K) band in which strong H20 maser emission exists and also thermal emission from an ensemble of NH lines that are valuable diagnostics of interstellar molecular clouds and starforming regions. Focal plane arrays not only increase the speed of imaging, but also the fidelity of the images.
Observer Access and Data Processing Capabilities
Further development in computing capabilities and observer access facilities for the GBT is also planned. Remote observing tools will be developed so that observers can conduct an observing run from their home institution with nearly the same level of control and communication that would exist on site. The remote observing package will include tools for audio/visual communication with the telescope operator and support staff, real-time display of telescope and site status information, online displays of data, weather information, etc. Much of the system will be patterned after the very effective remote observing package developed for the NRAO 12 Meter Telescope.
An archive retrieval system will be developed for the GBT that will also serve as a prototype for other NRAO facilities. The archive will allow observers to retrieve data from an easily-accessible, Web-based index of source name, position, observing frequency, observation type, etc. This will improve the overall scientific throughput of the GBT.
For many types of observations, particularly those using focal plane arrays, on-the-fly mapping, and pulsar observing, the data rates are so large that conventional offline analysis and data storage become impractical. For such cases, a pipeline processing system in which a calibrated data product -spectrum, image, etc. --ready for astronomical interpretation is produced automatically by online computer systems. Such a pipeline will be developed for the GBT.
The overall efficiency and throughput of the GBT will also be greatly enhanced by implementation of dynamic (flexible) scheduling. In this system, the observing schedule is reassessed continuously in light of changing weather or RH conditions. This allows programs to be matched to the prevailing environmental conditions for best overall observing efficiency. For high frequency observing, dynamic scheduling will be essential. The development of dynamic scheduling will be closely coupled with the remote observing development. Through the use of the remote observing package, off-site observers will be able to monitor and control their observations, even if they are queued on short notice. Dynamic scheduling facilities will include a scripting facility for configuring observations in advance, proposal handing tools for queue building, and tools for managing the queue.
